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# Luminosity

» Peak Luminosity Goals:
- Design > 2.7x103? cm2sec™ ( ~3 over current)
- Base > 1.6 x1032 cm=2sec! ( ~1.6 over current)

L—Sny(BN ){ p}H('B’ xyr € ’Jp,ﬁ)
ireh £, (1+£5/£p)

» Primary factors
- Number of antiprotons: BN,
<major contributor to Iummosu‘ry Upgrade

- Proton beam brightness: (N,/¢,)
» constrained by the limif on antiproton beam-beam tune shift

e, /(e v ) £ 1
- Hour'glass factor H <1

> [L.dt Goals (By FY09): Design = 8.5 fbl; Base = 4.4 fb'!
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Collider Performance
Comparison between FYO3 and FY04

&
Final Goal

Peak Luminosity (x1030/cm?/sec) 49 107 2.1 275

Goal:81
Number of p and pbar Bunches 36 36 36
Proton Bunch Intensity 237 246 1.05 270
@ collision (x10°)
Pbar Bunch Intensity 22 43 1.95 137
@ collision (x10°)
Weekly Integrated Luminosity (pb!) 9.7 18.6 1.92 47
Total Integral Luminosity (fb!) 0236 | 0343 | 145 4.4 Base

Goal:300 8.5 Design.
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LB Principal Elements of Upgrades
2 rincipal Elements of Upg

1. Collider Run IT
» Protons on pbar target and Related Upgrades

- Slip-stacking ~<WovelTechniaie | 3

- Pbar production target ¢ Beam sweeping <@emesmmamemm
- Main Injector Dampers

- Bright pbar and proton bunches for collider shots <SovelTechniaue| 2
» Pbar Stacking and Cooling

- Accumulator Stack-tail Cooling

- Recycler- stack, Cool and Un-stack @Va Technique | 1

- Electron Cooling of pbars <«@jeimeshiimenm
> Tevatron

- Helix improvements

- Alignment

- Instrumentation and BPM upgrades
> Anti-proton Acceptance

2. Neutrino Program and Fixed Target Experiments
> Future Proton Beam <owrrechnae] 4
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Novel Beam Manipulation Techniques
for Collider Run IT and other HEP
Experiments

ANL HEP Seminar Chandra Bhat 7



JE. RF Cavities in
"W the Main Injector and the Recycler' Ring

MI Damper RF cavity
(Broad Band Cavities)

Finemet MI Damper RF- cavity
(Broad Band Cavity)

MI 2.5MHz RF cavity
(Coalescing RF cavity)
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Schematic drawing of Recyeler Wideband RF Cavi

Recycler RF cavity
(Broad Band Cavities)
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# Basics of an RF Bucket

Bunched Beam with Energy E +AE

N B B
) ) the Beam

RF Cavity ,'l’\\‘\\RF BUCkeT/S’ \\\\\

Potential Diagram
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1 T
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harmonic number h=2
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Rectangular
Bar'r'ierT - U(t) = Potential Diag.
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Lt Equations of Motion & General
L. 2 Hamiltonian

The motion of a particle in a synchrotronwith energy AE relative
to the synchronous particle of energy E, is

dr ___ 2nE  d(AE) _ev(7)

& T BE, dt T,

where, 7is phase slip factor,
T, = beam circulation period,
T is the time difference between the arrival of
this particle and that of a synchronous particle

. Current MTni‘ror at the center of the rf bucket.
sigha

time —
Then the Hamiltonian for synchrotron motion of a particle is

RF Bucket
Boundary AE

H(r,AE) = - 2737 AE? - iJ‘TV('[)CI'[ for general Voltage
T,0°E, T, 70 wave form

Ref: S. VY. Lee, Accelerator Physics, (World Scientific, Singapore, 1999)
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JE.
" Properties of Barrier Buckets

s =
WA )

—T1 T2
Bucket height : Synchrotron Period :
T 2 ‘A E‘
AE =2 2B°E, .[0 eV, (Dt TS=2T2 B I%o + 4 T,
o |’7| T, |’7| ‘A E eV ,

Bucket area :

3
8T
£, =T,A E,+ 2|’7| A E,
36{)0ﬁ Eoevrf

- nis phase slip factor,
- £, is synchronous energy,
- wgF2p f.., with f_, = beam circulation frequency.

rev rev
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Frequency (Energy)
Spectrum of the Beam

-47 Cold Beam |~
High momentum tail T L
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Momentum Mining

Is it possible to isolate the
cold beam from the high
momentum tail of a beam
distribution without
emittance growth and to
selectively use the cold
beam and cool the leftover
hot beam?

Chandra Bhat
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;UT 0.8 -
S os 300% LE
w 822: growth Il
0.0 -

1 2 3 4 5 6 7 8 9

Transfer Number

» This is the method used in all
hadron storage rings so far.
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Transverse Momentum Mining
(Current Mining Scheme at the Fermilab Accumulator)

l
<
!
4

195E10 pbars
Cooled Beam
(12.7 eVs)

1st extraction
from the core
=3 eVs

Away from the
core

Beam close to
extraction orbit

174E10 pbars
12.4 eVs,22%
growth
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&  Longitudinal Momentum Mining in
W a Synchrotron

New Technique | Ref: ¢. M. Bhat, Phys. Lett. A 330 (2004) 481

Physics RF Voltage Potential U = /V(t)dt
y & Beam Boundary & Beam Particl(e)

e Tseor

( ) ’____{'2_"\ VD \nr

a i | -
— -7

’ = ~ = z_{- IC'
000000000
[a N0

Mining particles with
low energy spread
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Proton Momentum Mining in the

Fermilab Recycler
(proof of principle)

THOBCHO3-slide10-Ealk, avi

RF
Fanback
signals
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Wall

Current
Monitor
Signals
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o Momentum Mining (cont.)
D Tevatron Collider Shots

.'.

-

RF
Fanback

— signals

Wall
Current
Monitor
Signals

IIIII

We have successfully implemented longitudinal momentum mining
in the Recycler to inject equal emittance, equal intensity pbars
bunches for Tevatron shots.

Outcome -The Longitudinal Momentum Mining scheme is better
than a factor of <2 more efficient than the "beam slicing
scheme”
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Pbar Momentum Mining at the
Recycler (ESME simulations)

Phase-space

Distribution

of pbars
=
v
<
o

WCM data S5

(predictions)

AB (or Time)
3600 (or 11.12 psec)
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I Recycler and the ppbar Luminosity
L 3 Mixed pbar shots
How can we get more pbars at collision = Higher Lummosn’ry
Solution: Use both Accumula‘ror as well as Recycler pbars

> 6 Mixed Pbar Source Shots so far

- 3 stores with Recycler supplying 3 of
the 9 transfers to the Tevatron

- 3 stores with Recycler supplying 2 of
the 9 transfers to the Tevatron | v
- Current Luminosity Record of

1.07x1032cm2s1 (CDF/DO Ave.)

B g m =] 2fE e s I'IEIIQIA
bbb [ ¥ || | ;
2 transfers from RR

Top 4 Luminosity stores achieved is
from Mixed Pbar Source Operation

e 0 lelale

Longitudinal Momentum Mining is
crucial in the Recycler for the

2.5MHz Bunches

Tevatron shots ' U
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L Bright pbar Bunches for
B2 Collider Operation

Current pbar Coalescing Scheme

LE~1 eVs

8GeV - |
53MHz Modulation
150GeV (BC)
53MHz bunches

\
|
150 GeV (AC)
53MHz bunches

150 GeV
Beam to Tevatron
397n

2.5 MHz
h=28

53 MHz
h=588

woes = =
D e o

2.5 MHz bunches
I ”m“ I
| |
I »m“ I
| |

New Scheme
Harmonic Transfer
S S S S _
( Acceleration
Bunch Spreading
B
Bunch
Rotation
\_ v
f
Z) Capturein
53MHz RF bucket
| and Acceleration
N\ to 150 GeV

397nsec

>100% Longitudinal
Emittance Growth and

No Longitudinal Emittance
Dilution, No beam loss

ANL HEP Seminar 0% pbar loss Chandra Bhat
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A comparison between Simulation Results
and data during Harmonic Transfer

Simulations

WCM Data

29667

Files 2-GMHZ-ACC-

4-38Er  2-Tnhz-aoe--3sec-1-040211 Recordd to 0108 fron G002
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For acceleration from 8-150 GeV
> <35% emittance dilution
» ~100% transmission efficiency
ANL HEP Seminar Chandra Bhat
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2.OMHz Acceleration in the MI

T
L. 2

FTF %5.435 I:‘(.EDtEDB;eFaSFB—nmE Hsgt Sat 3-AFR-84 cH:Ad F"r‘i=E| Jl
- Vrf(53MHz)
Vrf(2.5MHz) : : :
- With this scheme in
) o) | | place one expects
e, £ | E PLes e o .
T > about 17% increase in
2 ] \ collider luminosity
2 . AQ0E9p/2 5MHZ Bunch ] > 35% Shorter interaction
(see 1z ‘/l region for the Collider
(cae HEl) 30E9p/2.5MHz|Bunch 0 Detectors
P(GeV/c /}ff L
..-—J""—'F—H—r—
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Bright Proton Bunch
Shots

Current Bunch Coalescing
Scheme

WCM data

T
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0.15 eVs /53MHz
Bunches

8GeV
53M Hzl Bunches

Barriers :

0.15 eVs /53MHz
Bunches

150GeV (BC)
53MHz Bunches

=

=25 eVs /53MHz

150 GeV (AC) Bunches

53MHz bunches

Longitudinal Emittance 22.5 eVs with
<300E9protons/bunch

ANL HEP Seminar

Chandra Bhat

es for Collider

New Scheme: Barrier Coalescing
Ref: C. M. Bhat, FERMILAB-FN-0761-AD
(October 2004)

Small
Barriers

Large : ongitudinal

High momentum
particles

High Density Low
Longitudinal
emittance beam

22
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Bright Proton Bunches for
Collider Shots

MI Barrier Coalescing

ht

MI Magnet Ramp

Energy

Transition
Barrier
RF Manipulation

L
)
—
=
LL
[l

e / +«—— 27 GeV

_____

v

Time

By this method one can send ~300E9 protons/1.5 eVs/ bunches for collider shots

With this scheme one anticipates
> about 12-17% increase in collider luminosity

ANL HEP Seminar Chandra Bhat
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» A scheme to merge two booster
batches to double proton intensity
on pbar production target

AE
1st Batch|  2Batch / | % ! TN
ALY ' Lt A
it L)
O \\\ :/r '|| '1 .I | [l
@o R ! '.)OCI X}G(/ b
AN P L
(3 \ ! ‘\ 1
’2) ) ! |
o et
! A &
/I (,z
S
v
- >
Time

The protons on pbar target is up
from 5.4E12 ppp to 7E12 ppp

ANL HEP Seminar
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15339 L1e

Protons on pbar Target
1. Slip Stacking . kebaet. al, PAC2003 page 1736)

Merged buncr} train in Ml

aaaaaaaaaaaaaaaaaaaaa

222222

O A

111111

999999

555555

333333

111111

S G

.
A
T
1
1
1
-
1"
1

1st Booster Batch
Injected into Ml

2nd Booster Batch

With Slip stacking the pbar
production rate has gone up by 15%

Chandra Bhat
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# Slip-stacking and proton Beam for the 2

Fixed Target Experiments
(Mixed Mode Operation)

Immediate Future:

Beam to Fixed Target Experiments

(NuMI and SY120) Beam to
pbar-target

1 2 3 4 ” 5 ss
~2.5E13p/2 sec to NUuMI or \ /
~2.5E13p/2.9sec to SY120

Kicker Gaps
Future Possibility: (work in progress)
1 2 3 4
TR
0 ss
~2.5E13p/2.4 sec + 80% more to NuMIor v —

~2.5E13p/3.3 sec + 80% more to SY120
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Demonstration of Mixed mode operation
(NuMI multi-batch + Normal stacking)

ht

to pbar batch

I I
= GxPA1 :Atam Range | 2 |

aaaaaaaaaaaaaaaaa

File:

LA - Beam on the pbar target

ssssss

1! I
= GxSA: Fast Time | <]

a FTF ¥3.44 Console 3 SA Mon EE2-MAR-84 15:58 Fri=o
4

4

5866

i

2
2

3

375a

I:=BEAM Elz
I:TORFle El2
m:TOR1@S Elz
T:HWZAZ Amps

2
2
2
2

1 Acceleration |=%

588

CE2EE  Hz.)
c2@E  Hz )
(Z@aa  Hz )
(E@aa  Hz )
1
1
1
1258
Injection :
@ ] .5 1 b 1.5 2
8 2D
Seconds MI_CYCLE 23 engineering units
.

NuMI batches
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e 2. Flip-flop (6. w. Foster, c. . Bhat, et al, Proc. EPAC2004,
page 1479 ) "

Beam for Antiproton production and Neutrino Experiments

Concept: Fast rotation of a bunch about rf stable and unstable
points.

:II-Batch

(a) (d)

(f)
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Flip-flop Technique: Simulations and
Demonstration

ht

Experiment in the Recycler

Half-Length Batch
Extracted Back to
Main Injector

Comp. time=200ms
~10% emit. growth

Injected Batch from Main Injector, Bunch
Length=1.59 psec

> With this scheme one can accelerate
~70% more protons to 120 GeV in the
Fermilab Main Injector (Otherwise
only 6 batches can be accelerated).

An experiment at the Fermilab Main Injector is in Progress
using the newly installed barrier rf systems
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3. Momentum Stacking

(J. Griffin-Private Communications & W. Chou et. al PAC2003, 2922)

Concept: Inject a Booster batch of protons slightly below
the synchronous energy of MI between a stationary and a
moving barrier pulse. Confine the beam batches in a limiting
barrier. And so on.

(a) : Stationary

B, L B?'er
¥
(@)1
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J& Barrier Stacking: ESME Simulations

ANL HEP Seminar

j m{ mm 0
Simulations suggest that at the Fermilab
Main Injector we can increase beam

( by Jim MacLachlan)

-

]
—150 100 50 0

10 Injections

-“‘-

e S
bt
RF WOLTAGE (kvelt)
ro; pean)

=154

2" Injection Fauul
O (degree) .

intensity from

3x1013 p o 6x10!3 p per

acceleration cycle.

Chandra Bhat
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# 4. Adiabatic Compression

(D. Wildman, C. Bhat, W. Chou, et al.)

Concept: Inject two pulses
of proton beam into a

— | stationary barrier bucket at
synchronous energy.
Compress the beam
adiabatically & symmetrically
(or non-symmeftrically) to
half the original bucket size.

;2”d Batch

1st Batch

Eo (E)

(b)
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Experiment at the Fermilab
Main Injector

Cavity fanback / -.,_
signals and WCM | v
dGTG == - ."'-_:. .
! 10 ns/div
e GxSB: Fast Time Plot _ _ __i |
Fmﬁ”‘““"‘““ = Vif
228 |
9 ;gggg ELz L~ RPO\‘.;
BaTCh 1 BaTCh & i 2EA Hi. ¥ BEAM
t208 Ha. s Intensity
i on standard
. . s stackin |
Conclusions: : TrYee
/?
Have demonstrated
acceleration of ~70% more -,
beam than standard
acceleration to 120 GeV.
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Summary

» To support Run IT and other programs at Fermilab, we have
developed many Novel Beam Manipulation Techniques

Scheme called longitudinal momentum mining selectively isolates
low longitudinal emittance anti-protons and is being successfully
used for Tevatron shots from the Recycler.

Has resulted in 20% increase in ppbar peak Luminosity

Successfully demonstrated harmonic transfer scheme for anti-
proton acceleration in the MI. Is very important during Recycler
era.

Slip stacking in MI has become operational and have seen =15%
increase in anti-proton production rate. We are in the process of
implementing for Fixed Target program.

New techniques based on barrier rf technology are being
explored to help HEP programs.
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Summary (Cont.)

» Fermilab has exciting opportunities
in the Collider Program before LHC
Turns on

» Fermilab is shaping up to be a world-
leader in Neutrino Physics program
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